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The double-stranded DNA genomes of the viruses SIRV1 and SIRV2, which infect the extremely thermophilic archaeon
Sulfolobus and belong to the family Rudiviridae, were sequenced. They are linear, covalently closed at the ends, and 32,312
and 35,502 bp long, respectively, with an A1T content of 75%. The genomes of SIRV1 and SIRV2 carry inverted terminal
repeats of 2029 and 1628 bp, respectively, which contain multiple direct repeats. SIRV1 and SIRV2 genomes contain 45 and
54 ORFs, respectively, of which 44 are homologous to one another. Their predicted functions include a DNA polymerase, a
Holliday junction resolvase, and a dUTPase. The genomes consist of blocks with well-conserved sequences separated by
nonconserved sequences. Recombination, gene duplication, horizontal gene transfer, and substitution of viral genes by
homologous host genes have contributed to their evolution. The finding of head-to-head and tail-to-tail linked replicative
intermediates suggests that the linear genomes replicate by the same mechanism as the similarly organized linear genomes
of the eukaryal poxviruses, African swine fever virus and Chlorella viruses. SIRV1 and SIRV2 both contain motifs that
resemble the binding sites for Holliday junction resolvases of eukaryal viruses and may use common mechanisms for
resolution of replicative intermediates. The results suggest a common origin of the replication machineries of the archaeal
rudiviruses and the above-mentioned eukaryal viruses. About 1/3 of the ORFs of each rudivirus have homologs in the
Sulfolobus virus SIFV of the family Lipothrixviridae, indicating that the two viral families form a superfamily. The finding of
inverted repeats of at least 0.8 kb at the termini of the linear genome of SIFV supports this inference. © 2001 Elsevier Science
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Since the Archaea were discovered as the third do-
main of life (Woese and Fox, 1977), considerable insight
has been gained into their biology (reviewed in Pfeifer et
al., 1994) and this process has been enhanced, recently,
by the availability of several archaeal genome se-
quences. Moreover, several extrachromosomal genetic
elements have been characterized for the archaeal king-
doms Euryarchaeota and Crenarchaeota. Whereas most
known euryarchaeal viruses are of the bacteriophage
head and tail types, diverse crenarchaeal DNA viruses
which exhibit spindle, filamentous, and rod shapes have
been characterized (Zillig et al., 1988, 1998). Most of
these infect strains of the extremely thermophilic genus
Sulfolobus. They have been assigned to four novel fam-
ilies: Fuselloviridae (SSV1, SSV2, SSV3) (Zillig et al., 1998),
1 Sequence data from this article have been deposited with the
EMBL/GenBank Data Libraries under Accession Nos. AJ344259 and
AJ414696.
2 To whom correspondence and reprint requests should be ad-
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226Lipothrixviridae (SIFV) (Arnold et al., 2000a), Rudiviridae
(SIRV1, SIRV2) (Prangishvili et al., 1999), and Guttaviridae
(SNDV) (Arnold et al., 2000b).
The two rudiviruses SIRV1 and SIRV2 have a rod-
shaped morphology in which the double-stranded DNA
forms a superhelix with a single basic binding protein,
with three tail fibers at either end (Prangishvili et al.,
1999). The two strands of the linear genomes are co-
valently linked to form a continuous polynucleotide chain
(Prangishvili et al., 1999; Blum et al., 2001). In their orig-
inal hosts, Sulfolobus islandicus strains KVEM10H3 and
HVE10/2, respectively, SIRV1 and SIRV2, are present in
stable carrier states. However, upon infection of other
host strains, SIRV1, but not SIRV2, accrues mutations at
a rate of about 1023 substitutions per nucleotide per
replication cycle, unprecedented for DNA viruses and
approaching mutation rates of the most rapidly varying
RNA viruses (Prangishvili et al., 1999). This transient
mutation system leads to the selection of conditionally
stable SIRV1 variants that after adaptation to the new
host replicate with high fidelity.In order to understand the functions and the functional
differences of the two viruses, as well as their evolution-
ORFs
227ARCHAEAL SIRV VIRUSESary history including their relationship to other archaeal
viruses, the genomes of the conditionally stable variant
VIII of SIRV1 and of the stable SIRV2 were sequenced
and analyzed.
RESULTS
Genome organization
The linear genomes of SIRV1 and SIRV2 contain 32,312
and 35,502 bp, with inverted terminal repeats (ITRs) of
2029 and 1628 bp, respectively. While the covalently
linked termini of SIRV1 were analyzed by chemical se-
quencing and were shown to be identical and able to
form a fully basepaired structure (Blum et al., 2001),
about 26 bp at each end of SIRV2 were not determined.
Both viruses have the same low G1C content of 25%
compared with 33 and 40%, respectively, for the Sulfolo-
bus viruses SIFV (Arnold et al., 2000a) and SSV1 (Palm et
al., 1991) and 37% for the genome of Sulfolobus solfatari-
cus (She et al., 2001).
FIG. 1. Comparative nucleotide sequence and predicted ORFs of the
presented by blocks labeled A to R. The high levels of nucleotide seq
inverted repeats (nucleotides 2029 and 30,284 in SIRV1 and 1602 and
nucleotide map in (A). Locations of ORFs which are exclusive to SIR
homologs in SIRV1; yellow arrows represent ORFs exclusive to SIRV
homologs in different archaeal chromosomes; green arrows represent
type represent ORFs giving matches with ORFs of eukaryal viruses.No sequence heterogeneity was detected except for
an ambiguity observed in the genome of the SIRV1 vari-ant VIII. At positions 1075 and 31,233 in the two ITRs, 6 of
33 sequences carried the 12-nucleotide insertion
TGAACTGCTAAA.
Sequence comparisons revealed that the viral ge-
nomes have similar structures where regions of high
sequence conservation are separated by sequences
with low or no similarity. In Fig. 1 conserved regions are
represented by blocks that are 74 to 94% identical in
sequence. The conserved central regions of the ge-
nomes contain nine blocks, E to M, varying in length from
293 to 9303 bp and their separation ranges from a 10-bp
overlap to a 479-bp gap. The borders between regions of
low and high sequence similarity coincide mainly with
ORF boundaries.
The regions adjacent to the terminal repeats are com-
posed of smaller conserved blocks interrupted by dis-
similar sequences that are rich in repeats. Near the
termini of both viral genomes (in blocks A and A9 in Fig.
1) there are three tandem direct repeats, TTTTTTTGC,
and seven imperfect direct repeats with highly con-
es of SIRV1 and SIRV2. (A) Regions of similar nucleotide sequence are
similarity between blocks are indicated. Internal limits of the terminal
in SIRV2) are indicated. (B) The ORF map of SIRV2 is aligned with the
indicated above the map. Red arrows represent ORFs which have
arrows represent SIFV viral homologs, one of which, ORF158a, has
exclusive to SIRV2 that are also SIFV homologs. Numbers in boldfacegenom
uence
33,848
V1 are
2; blueserved sequences that flank one to three copies of the
sequence AAATTCC (Fig. 2). Inverted repeats lie within
ucleoti
228 PENG ET AL.these seven direct repeats (Fig. 2). Our analysis of the
partial genome sequence of the lipothrixvirus SIFV (Ar-
nold et al., 2000a) and further sequencing of the ends of
the genome reveal that it also carries long terminal
inverted repeats. They span at least 800 bp and contain
at each end at least seven perfect 27-bp tandem repeat
sequences as well as a 70-bp inverted repeat (not
shown).
The terminal repeat of SIRV2 spans 1628 bp and con-
tains the conserved blocks A to C. It is 400 bp shorter
than that of SIRV1, which is 2029 bp long. This difference
probably reflects the finding that insertions have oc-
curred in both terminal sequences during the evolution
of SIRV2. Adjacent to the left terminal repeat of SIRV2 lies
a 3.9-kb sequence flanked by direct repeats of 57 bp (Fig.
3A). This sequence contains 8 pairs of direct repeats,
including one of 103 bp (Fig. 3A, Table 1A). The 103-bp
sequence also borders both the left terminal repeat and
block E in SIRV1 (Fig. 3A). At the right terminus of SIRV2,
the 250-bp-long block D9, which constitutes more than
half of the absent 400 bp of the terminal repeat of SIRV1
variant VIII, is separated from the ITR by an insertion of
FIG. 2. Direct repeat sequences at the termini of the genome of SIRV
copy in SIRV2. The core sequence is in boldface type and flanking sequ
in the boxed consensus sequence. Capital letters indicate conserved p
identical to those in SIRV2, except that the sequence of the first 24 n
AAATTGGAAATTCCT at positions 254–277).
FIG. 3. Schematic presentation of regions rich in direct repeat seque
are indicated by pairs of blocks with identical shading. The repeats ra
similar to these repeats are also indicated between blocks C and E in
between blocks D and E in SIRV1 and blocks C and E in SIRV2 are indicated.
represented by pairs of boxes with identical shading.about 500 bp (Fig. 1A). A 475-bp region between blocks
L and M of SIRV1 contains four direct repeats including
a 64-bp tandem repeat, which constitute 50% of this
region (Fig. 3B, Table 1B), and another 21-bp direct re-
peat flanks the gap between blocks J and K in SIRV2.
Both genomes carry the sequence AAAAAAATTG-
GAATTTCCAATTTA 67 nucleotides away from the ter-
mini. This sequence resembles a consensus resolution
sequence AAAAAAAN7–9(A/G)TTT(A/T) that is present at
the corresponding position in poxviral genomes and
probably is recognized by poxvirus-encoded Holliday
junction resolvases in a course of resolution of replica-
tive intermediates (reviewed in Moss, 1996).
Genome replication
In order to obtain insight into the mechanism of ge-
nome replication, replicative intermediates of SIRV1
were studied. DNA isolated from particles of SIRV1 vari-
ant VIII, and virus-infected host cells, were digested with
EcoRI and XbaI, which have no recognition sequences
inside the ITRs. A Southern blot analysis of the restriction
SIRV2. Nucleotide numbers define the start and end positions of each
on the right side are italicized. Internal inverted repeats are underlined
s, and sequences of direct repeats in the termini of SIRV1 are almost
des in the fourth fragment is more conserved in SIRV1 (AAATTAATA-
(A) In the region between blocks C and E of SIRV2, repeat sequences
m 33 to 103 bp, and their sequence identities are 75–94%. Sequences
y boxes with the same shading. The lengths of nucleotide sequences1 and
ences
ositionnces.
nge fro
SIRV1 b(B) Direct repeats present between blocks L and M in SIRV1 are also
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cleotide 59-GACGGAAAAGTTTTGGTTCCTCCT-39, which
is complementary to sequences within the ITRs. The
results are shown in Fig. 4. For DNA from virus-infected
cells, the probe hybridized to the two terminal fragments
of the SIRV1 DNA, which are 2049 and 3285 bp long, and
to two fragments twice their length. The results indicate
the formation of head-to-head and tail-to-tail linked virus
DNA molecules in the virus-infected cells. No band was
detected with a size of about 5.3 kb, which would have
arisen from tail-to-head linked concatemers. We cannot
explain the presence of positive signals from weak
bands larger than 6.6 kb (Fig. 4).
Analysis of ORFs
SIRV1 and SIRV2 contain about 45 and 54 ORFs, re-
spectively, within the size range 55 to 1070 amino acids,
of which 44 are homologous in both genomes. In the
map of SIRV2 shown in Fig. 1B red and blue arrows
represent these common ORFs. They are more con-
served in the central region (identity/similarity 82–99/90–
100%) than toward the termini (41–86/69–95%).
Two adjacent ORFs, 241d and 252d of SIRV1, show
41/59% sequence identity/similarity to each other and
41/61% and 65/83% sequence identity/similarity, respec-
tively, to a single homolog, ORF 249, in the SIRV2 ge-
nome. It is also likely that ORFs 73, 95, and 105a from
both SIRVs, and ORFs 103a and 119b, which are exclu-
TABLE 1
Direct Repeat Sequences in the Genomes of SIRV1 and SIRV2
Length (bp) Mismatches Positions Spacing (bp)
A. In the 3.9 kb between blocks C and E in SIRV2
103a 16 1,980; 4,403 2321
85 6 1,942; 4,366 2340
67b 11 1,512; 3,858 2380
9 3,858; 4,476 552
62 6 1,953; 3,321 1307
57 6 1,476; 5,460 3928
39 3 2,013; 2,505 454
33 2 2,060; 2,912 820
B. Between blocks L and M in SIRV1
64 8 22,760; 22,820 24
47 0 23,024; 23,144 73
34 3 22,838; 22,952 80
34 7 22,719; 22,952 199
21 0 22,719; 22,779 39
a Direct repeats show 75% sequence identity to the SIRV1 genome at
nucleotides 1983–2085 (Fig. 2A).
b Three copies show 85% sequence identity to the SIRV1 genome at
nucleotides 1599–1665 (Fig. 2A).sive to SIRV2, have a common origin because they share
24–35/49–55% identity/similarity.Functions could be assigned to only a few ORFs (Table
2). The N-terminus of ORF134 (AKGHTSRSYSQRYAK-
PQAKFNAFS) is identical to the N-terminus of the major
DNA-binding structural protein isolated from viral parti-
cles (Prangishvili et al., 1999). ORF 158b corresponds to
29-deoxyuridine 59-triphosphatase (dUTPase) that was
characterized for SIRV1 variant II (Prangishvili et al.,
1998). ORF 121 shows a high level of sequence similarity
to the Holliday junction resolvase of S. solfataricus (Kvar-
atskhelia and White, 2000) and ORFs 356 and 335 carry
a sequence motif characteristic for group 1 glycosyl
transferases. ORF 55 contains a zinc-finger C2H2 do-
main.
Significant database matches were also obtained for a
further 15 ORFs, common to both genomes, and 3 exclu-
sive to SIRV2, most of which are classified as hypothet-
ical archaeal proteins (Table 2, Fig. 1B). Of these, 12
ORFs shared by both viruses (blue arrows) and 3 ORFs
exclusive to SIRV2 (green arrows) are homologous to
ORFs of the Sulfolobus virus SIFV (Fig. 1B), albeit with a
different genomic distribution. Three of these ORFs show
significant similarities to their SIFV analogs also at the
nucleotide sequence level (Table 3).
Twenty-one ORFs in the SIRV genomes gave positive
matches with eukaryal viral genes. Fourteen of these are
with ORFs of the Poxviridae (Table 4, Fig. 1B), and eight
are with the Amsacta moorei entomopoxvirus (AmEPV),
which also has an A1T-rich genome (82.2%) (Bawden et
FIG. 4. Dimeric terminal fragments of SIRV1 DNA in SIRV1-infected
cells. 0.2 mg DNA isolated from purified SIRV1 variant VIII particles and
15 mg total DNA from cells of S. islandicus REN2H1 infected with SIRV1
variant VIII were double-digested with restriction endonucleases EcoRI
and XbaI and processed as described under Materials and Methods.
The fragments were detected by hybridization with a 32P-labeled 24-
mer oligonucleotide complementary to a portion of the ITR sequence.
(A) DNA from virus particles. (B) DNA from virus-infected cells. Lengths
of markers in kb are indicated on the left and arrows indicate the left
terminal fragment (LF), right terminal fragment (RF), and fragments with
twice the length of the terminal fragments.
enome
230 PENG ET AL.al., 2000). Seven other positive matches were with ORFs
of members of the families Asfarviridae (African swine
fever virus; ASFV) and Pycodnaviridae (Chlorella viruses).
Sequence identities/similarities were in the range 20–57/
37–69%, covering stretches of 28 to 437 aa, using a
maximum e-value of 10 in BLAST searches. Genomic
analyses of other archaeal viruses, including the Sulfolo-
bus viruses SIFV and SSV1 and the methanogenic phage
cM2, reveal that the SIRVs share many more homologs
with poxviruses than do SSV1 and cM2, while SIFV
exhibits a similar number of poxvirus homologs and
seven bacteriophage homologs within its larger genome
(Table 4).
A careful search for a virus-encoded DNA polymerase
which, as for the related eukaryal viruses, should be
responsible for DNA replication revealed no conserved
motifs characteristic of DNA polymerases. The only da-
tabase match with the BLAST search was between ORF
399 and the DNA polymerase of the linear mitochondrial
plasmid of the fungus Gelasinospora (Yuewang et al.,
1996) where a 124-amino-acid fragment extending from
positions 638 to 761 of the DNA polymerase (987 aa)
shows 23/44% identity/similarity.
T
Putative Homo
SIRV2 ORFs Best matches
207 Hypothetical MJ0377, 170 aa, Methanococcus janna
59b Hypothetical, 72 aa, Sulfolobus pNOB8
91 Hypothetical c-102, virus SSV1
158b dUTPase, 158 aa, virus SIRV1 variant II
134 Structural protein of SIRVsb
55 Zinc-finger 30C, 777 aa, Drosophila melanogaster
335 Putative glycosyl transferases group 1, 368 aa, Pyro
121c Holliday junction resolvase, 143 aa, S. solfataricus
356 Putative glycosyl transferases group 1, 885 aa, Aqui
a Homologs which are shared with the SIFV virus are indicated in F
b Prangishvili et al. (1999).
c Homologs of ORF 121 were found in all the sequenced archaeal g
TABLE 3
Comparison of Nucleotide and Amino Acid Sequence Identities for
Homologous ORFs in the SIRV2, SIRV1, and SIFV Viral Genomes
SIRV2
ORFs
Amino acid
identity (%)
Nucleotide
identity (%)
G1C content
(%)
SIRV2/
SIRV1
SIRV2/
SIFV
SIRV2/
SIRV1
SIRV2/
SIFV SIRV2 SIFV
156 — 85 — 91 27.8 28.8
64 82 73.5 87 75 21.5 34.3158a 94 55 91 65 25.2 33.8DISCUSSION
Relationships with other archaeal viruses
Complete sequences so far have been reported for
two archaeal viruses, the fusellovirus SSV1, which infects
the crenarchaeon Sulfolobus (Palm et al., 1991), and the
tailed phage cM2, which infects the euryarchaeon Meth-
anobacterium thermoautotrophicum (Pfister et al., 1998).
Near complete sequences, excluding terminal regions,
have been determined for the linear genomes of the
lipothrixviruses TTV1 (EMBL Accession No. X14855;
Neumann, 1988) and SIFV (Arnold et al., 2000a). About
45% of the genome of the tailed phage fH that infects the
euryarchaeon Halobacterium has also been sequenced
(Stolt, 1993).
As expected, no significant sequence similarities were
found between ORFs of the rod-shaped rudiviruses and
tailed phages of the euryarchaea, whereas similarities
have been found between ORFs of the tailed eury-
archaeal phage cM2 and tailed phages of gram-positive
bacteria (Pfister et al., 1998). Moreover, 16 putative ORFs
of the rudiviruses have homologs in the Sulfolobus lipo-
thrixvirus SIFV, suggesting that the two viral families are
TABLE 4
A Summary of Positive Database Matches between ORFs of SIRVs
and Other Viruses
Archaeal
viruses
Genome
size (kb)
Number
of ORFs
Viral
matchesa
Poxviral
matches
Bacteriophage
matches
SIRV2 35.5 54 21 14 1
SIFV 40.0 74 34 13 7
SSV1 15.5 31 9 4 2
psi M2 26.1 31 11 3 6
a
f SIRV ORFsa
aa-aligned
(gap residues) Identity/similarity (%) E-value
171 (30) 28/47 1 3 1024
36 (0) 50/72 1 3 1024
90 (4) 29/49 8 3 1027
158 (0) 90/94 3 3 10276
30 (0) 40/73 0.009
abyssi 160 (27) 27/44 8 3 1026
79 (6) 37/55 3 3 1028
licus 321 (44) 23/42 6 3 10210
ncluding ORFs 335 and 356.
s.ABLE 2
logs o
schii
coccus
fex aeo
ig. 1B iOnly eukaryal viral matches and bacteriophage matches are in-
cluded.
231ARCHAEAL SIRV VIRUSESrelated. Our analysis and further sequencing of terminal
regions of the linear SIFV genome (Arnold et al., 2000a)
also revealed the presence of large inverted repeats as
well as tandem direct repeats in these ITRs, suggesting
that the organization of the genomic termini is similar to
that of the SIRV viruses.
Relationships with eukaryal viruses
Covalently closed ends and long ITRs are character-
istics that SIRV1 and SIRV2 share with eukaryal viruses
including poxviruses (Moss, 1996), ASFV (Gonzalez et al.,
1986), and Chlorella viruses (Zhang et al., 1994). This
similarity is reinforced by a detailed analysis of the ITRs
of the SIRVs, which revealed imperfect and perfect direct
repeats that are also common in the terminal regions of
these eukaryal virus genomes (de la Vega et al., 1990;
Moss, 1996; Nishida et al., 1999). The number and
lengths of these repeats vary in different eukaryal vi-
ruses, but similarities occur between the repeat se-
quences in a given viral family and also between repeats
in the same genome, which are assumed to arise from
unequal cross-over events (Moss, 1996; Dixon et al.,
1990; Nishida et al., 1999). The variable number of core
sequences, AAATTCC, in seven imperfect direct repeats
in the ITRs of both SIRV genomes (Fig. 2), is also likely to
have resulted from unequal cross-over events.
Genome analysis also has revealed other features
shared by the SIRVs and eukaryal poxviruses, ASFV, and
Chlorella viruses. One of these is the location of hot-
spots for genetic recombination near the genome termini
(de la Vega et al., 1990; Nishida et al., 1999). Moreover,
conserved genes are concentrated near the center of the
archaeal genomes, whereas less conserved genes are
located toward the extremities, as occurs for AmEPV
poxvirus (Bawden et al., 2000). Finally, BLAST searches
revealed that 14 ORFs of the SIRV genomes have pre-
dicted homologs in the genomes of poxviruses, ASFV,
and Chlorella viruses.
The structural similarities between the genomes sug-
gest that the SIRVs and these eukaryal viruses share
common mechanisms of DNA replication. Furthermore,
the finding of nicks 11 nucleotides from each terminus in
about 5% of the SIRV DNA molecules suggests that the
replication of the SIRV genomes, like that of the eukaryal
poxviruses, is initiated by generating a free 39-OH near
the termini that primes replication (Blum et al., 2001).
Here we provide evidence that the subsequent replica-
tion process is also similar. The detection of replicative
intermediates of viral DNA linked head-to-head and tail-
to-tail, similar to those detected in a course of replication
of ASFV DNA (Gonsalez et al., 1986; Rojo et al., 1999), is
compatible with the self-priming mechanism of replica-
tion proposed for poxvirus genomes (Baroudy et al.,
1982). The absence of detectable head-to-tail linked con-
catemers precludes the possibility that SIRV replicatesby a rolling circle mechanism via circularization of nicked
linear DNA.
The head-to-head and tail-to-tail linked concatemers
that form during poxvirus genome replication generate
cruciform structures (Baroudy et al., 1982) that are re-
solved by a virus-encoded Holliday junction resolvase
(Stuart et al., 1992; Garcia et al., 2000). A highly con-
served sequence, AAAAAAAN7–9(A/T)TTT(A/G), present
near the termini of the poxviral genomes is recognized by
these enzymes in this process (Merchlinsky, 1990). A
similar sequence occurs in the terminal regions of both
SIRV genomes. Given that the ORFs 121 in the two SIRV
genomes encode Holliday junction resolvases (Birken-
bihl et al., 2001), the sequence motif is likely to be
involved in the resolution of replicative intermediates
even though there is little sequence homology between
the archaeal and the eukaryal Holliday junction re-
solvases. The high sequence conservation of the aden-
osine tracts may reflect their capacity to induce DNA
bending (Burkhoff and Tullius, 1987), which could be
important for intermediate formation during strand ex-
change (Merchlinsky, 1990).
In conclusion, the archaeal rudiviruses apparently
share characteristics of the linear organization of their
genomes and mechanisms of both DNA replication and
resolution of replicative intermediates with the eukaryal
viruses, indicating a common origin at least of their
replication machineries.
Processes involved in evolution of the SIRV viruses
Recombination. Sequence analysis revealed in the
two SIRV genomes the existence of well-conserved se-
quence regions separated by divergent sequences. The
major recombination events have occurred within or
close to the ITRs. It is likely that a 3.9-kb fragment of the
SIRV2 genome, which is flanked by a direct repeat of 57
bp, is a result of insertion into the left ITR of the SIRV1
genome and that about 0.5 kb have been inserted into
the right ITR (Fig. 2A). The presence of eight pairs of
direct repeats within, and bordering, the former insert,
suggests that multiple rearrangements have occurred
(Fig. 2A, Table 3A). Evidence for multiple rearrangements
were also found outside the ITRs. A region between
blocks L and M of SIRV1 contains four direct repeats,
which encompass about half of that sequence (Fig. 2B,
Table 3B), and a region between blocks J and K in SIRV2
is also flanked by direct repeats.
Gene duplication. DNA duplication followed by diver-
gent evolution of the duplicated genes is an important
mechanism for generating new gene functions and has
occurred extensively during the evolution of bacterial,
archaeal, and eukaryal chromosomes (Labedan and Ri-
ley, 1995; Macario et al., 1999; Lodish et al., 1999; Yanai
et al., 2000). A few examples are also known for bacterial
and eukaryal viruses (Kutter et al., 1996; LaPierre et al.,
232 PENG ET AL.1999) but the SIRV genomes provide the first evidence for
archaeal viruses. For example, the adjacent ORFs 241d
and 252d of SIRV1 (Fig. 1) show 41/59% sequence iden-
tity/similarity to each other and 41/61% and 65/83% se-
quence identity/similarity, respectively, to ORF 249 of
SIRV2. Thus, ORF 252d of SIRV1 is more closely related
to ORF 249 of SIRV2 than to ORF 241d of SIRV1, indicating
that gene duplication occurred and then ORF 241d di-
verged more rapidly than ORF 252d. Evidence of multiple
gene duplication was furnished by ORFs 73, 95, and
105a, shared by both SIRVs, and ORFs 103a and 119b,
exclusive to SIRV2. All show 24–35/49–55% identity/sim-
ilarity to one another, indicative of a common origin. They
also show sequence similarity to ORF 112 (No. 14) of
SIFV.
Horizontal gene transfer. Evidence for horizontal gene
transfer arose from a comparative study of the 16 puta-
tive ORFs common to the SIRV and SIFV genomes. Three
common ORFs, 64, 156, and 158a, show a higher level of
similarity of nucleotide sequence than amino acid se-
quence, a property which generally indicates that the
sequence constitutes a cis-element. Of these, ORF 156 of
SIRV2, which has no homolog in SIRV1, and ORF 156 (No.
44) of SIFV are exceptional in that they show a nucleotide
sequence identity as high as 91%, compared with an
amino acid sequence identity of only 85% (Table 3).
Furthermore, the G1C content of the ORFs is close
despite the higher average G1C content of the SIFV
genome (Table 3). Given the major differences between
the SIRVs and SIFV in DNA sequence, genome organi-
zation, and morphology, we infer that the gene in SIRV2
has been horizontally transferred from an SIFV-like virus.
Of other ORFs with high nucleotide sequence identi-
ties, ORF 64 from the SIRVs and ORF 64 (No. 62) from
SIFV (Table 3) are likely to constitute a highly conserved
cis-element, while ORFs 158a from the SIRVs and ORF
158 (No. 65) from SIFV probably produce a conserved
protein that is also encoded in archaeal genomes (Fig.
1B).
Displacement of viral enzymes by host enzymes. Evi-
dence for a common evolutionary origin of the SIRV
viruses and the eukaryal poxviruses, ASFV and Chlorella
viruses, correlates with the functional similarities of
these viruses and the homology of ORFs as shown in
Table 4. However, there is also evidence for the pres-
ence in the SIRVs of genes with higher sequence simi-
larity to cellular genes than to homologs in related vi-
ruses. For example, the dUTPases of the SIRVs, the
poxviruses, and the Chlorella viruses are more closely
related to the corresponding enzymes of their hosts than
to one another (Prangishvili et al., 1998; Baldo and Mc-
Clure, 1999). This suggests that the viral genes have
been replaced by genes from the host chromosome
during coevolution of the viruses and their respective
hosts. In contrast, phylogenetic analyses of the dUTPase
of ASFV virus indicate that it clusters with dUTPases fromdifferent herpes viruses and is only distantly related to
eukaryal cellular dUTPases (Baldo and McClure, 1999).
The Holliday junction resolvases of SIRVs also consti-
tute a probable example of the exchange of viral genes
by their cellular homologs. The viral genes have close
relatives in the chromosome of S. solfataricus and other
archaea but show no significant sequence similarity to
the corresponding genes from poxviruses. In contrast,
some poxviral genes have homologs in bacteria and
fungal mitochondria and may derive from exchange with
mitochondrial genomes (Garcia et al., 2000; Lilley and
White, 2000).
CONCLUDING REMARKS
One of the main aims of comparative sequence anal-
ysis of the genomes of viruses SIRV1 and SIRV2 was to
shed light on the mechanism which enables SIRV1, but
not the stable SIRV2, to adapt to new hosts by extensive
accumulation of point mutations leading to the produc-
tion of viable variants. The results of the sequence com-
parisons suggest that the ability to induce variation is
either a positive feature or a deficiency of SIRV1. Most of
the unique ORFs of SIRV2, e.g., that putatively transferred
from an SIFV-like virus (ORF156), and especially the eight
ORFs clustered in the 3.9-kb insert, could be later acqui-
sitions and may contribute to the control of replication
fidelity. Conversely, the two SIRV1-specific ORFs, 179 and
241d, could induce variability of this virus. Selective de-
letion or insertion of these unique ORFs from, or into, the
viral genomes should provide insight into the regulation
of the fidelity of replication and explain the puzzling
differences in viral adaptation to alternative hosts.
Comparative genome analysis also revealed potential
sites where insertions could occur in the viral genomes
without affecting basic viral functions. This should pro-
vide a basis for the development of transformation vec-
tors based on DNAs of SIRV1 and SIRV2, thereby enrich-
ing the small number of genetic tools currently available
for extremely thermophilic archaea.
Viruses evolve rapidly and the resulting genetic diver-
sity makes it difficult to trace evolutionary lineages by
sequence comparison. Previously, we have suggested a
phylogenetic relationship between the archaeal rudivirus
SIRV1 and the eukaryal poxviruses, ASFV and the Chlor-
ella viruses (Blum et al., 2001). This hypothesis was
based mainly on similarities in the structure of the ter-
minal regions of the genome of SIRV1 and the eukaryal
viruses. The analysis of the genome sequences of the
rudiviruses SIRV1 and SIRV2 and of a mode of replication
of their DNA described here provide strong support for
this contention.
It has been argued that common ancestry of viruses
from different domains of life could not be explained by
spreading of viruses between the domains (Zillig et al.,
1998; Prangishvili et al., 2001). This would require multi-
233ARCHAEAL SIRV VIRUSESple adaptive changes in order to surmount biochemical
barriers, including the incompatibility of transcription
systems, as well as complex adaptations to very diverse
environments. A more probable scenario is that common
ancestors of such viruses existed prior to the divergence
of the three domains (Zillig et al., 1996, 1998; Hendrix,
1999). If this is true, then studying viral evolution should
yield important insights into the early stages of evolution.
MATERIALS AND METHODS
Sequencing of the SIRV1 genome
DNA isolated from purified particles of SIRV1 variant
VIII (Zillig et al., 1994) was fragmented by sonification.
After formation of blunt ends with a mixture of T4 DNA
polymerase and Klenow enzyme, fragments of 400 to
1000 bp, or 1000 to 2000 bp, were isolated by preparative
gel electrophoresis and ligated into 11 different multiplex
vectors (Church and Kieffer-Higgins, 1988). Up to six
different clones were combined and 500 ng of these
mixtures was sequenced enzymatically (Thermoseque-
nase Kit, Amersham) essentially as described by Chee
(1991). Sequence patterns were detected by repeated
hybridization with 39-digoxigenated oligonucleotides and
visualized by phosphate-triggered chemiluminescence
of CDP-Star. The hybridizations and antibody-based hy-
brid detection reactions were performed in a “membrane
processor.” This automated device was able to process
up to 80 sequencing reactions in parallel with an aver-
age reading length of about 220 nucleotides (developed
by JOBO, Gummersbach, Germany). The data from 1450
sequencing reactions were assembled using the pro-
gram Seqman (DNAStar). The produced a 10- to 11-fold
overall coverage of the SIRV1 genome. Gaps were
closed by primer walking. The terminal regions were
sequenced by chemical degradation, as described pre-
viously (Blum et al., 2001).
Sequencing of the SIRV2 genome
DNA isolated from purified particles of SIRV2 was
sequenced using a shotgun cloning method as de-
scribed previously (She et al., 1998). DNA sequencing
was done in a MegaBACE 1000 Sequenator (Amersham–
Pharmacia) using dye-terminator chemistry. Primers for
gap filling and sequence polishing were designed by the
“Primers for Mac” program (Resnick, Richard, Primer
V1.0. Ashland, MA) and sequence data were assembled
by Sequencher 3.0 (Gene Code, Ann Arbor, MI).
Sequence analysis
ORFs were identified using Sequencher 3.0 and were
searched for matches in NCBI databases using BLAST
(Altschul et al., 1997). Nucleotide and amino acid se-
quences were compared with BLAST 2 (Tatiana andThomas, 1999). Repeat sequences were located using
the program Luna (Bru¨gger et al., unpublished data).
DNA analysis
DNA from cells of S. islandicus REN2H1 24 h postin-
fection with SIRV1 variant VIII at a m.o.i. of 10 was
purified (Zillig et al., 1994). DNAs from purified SIRV1
particles and from virus-infected host cells were di-
gested with restriction endonucleases EcoRI and XbaI.
DNA fragments were analyzed on 1% agarose gels. An
oligonucleotide probe was labeled with [32P]ATP by T4
polynucleotide kinase and Southern hybridization was
performed using standard procedures (Sambrook et al.,
1989).
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